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Abstract

The relation hetween Jape-scale sea Jevel vartability aud occan cirenlation is studied us
g aomnnencalmodel. A plobal primitive equation moded of the occan is forced by daily
winds and climatological heat fiuxes coryesponding to the pariod from January 1092 {0
February 1896, The physical natwre of the tanporal variability from periods of days to
a year, are examnined hased on spectral analyses of model yesults and compearisons witl
satellite altimetry and tide gange measmanents, The study clucidates and diagnoses
the mbomogencons dynanes of sca level variability in space and ficquency domain,
At mid Jatitades, Jorge scale sca level vaiability 1s primanily due to sterie changes as
sociated with the scasonal heating and cooling eycle. Tn comparison, changes in the
tropies and high latitudes wre mamly wind driven. Wind-dviven variability exhibits
a strong latitudingl dependence i selfs Wind-driven changes are Tarpely bavoclinice
i the tropies but barotropic ot higha latitudes. Barocinie changes we dominated
by the ammal hianonie of the fivst barocinic mode and is Jargest off the Fauator;
Vimiabilities sssociated with equatorial waves ave yclatively sinall in companrison. Wind
driven harotropic changes exhibit o notable enhancement over several abyssal plains in
the Southern Ocean, which is likely duc to yesonant planctiny wave mnodes in basins
semi-enclosed by discontinuities in potential vorticity, Otherwise, harotiopic ses level
changes are typically dommmated by high frequencies with as mmuch as half the total
vartancee in periods shorter than 20 days; reficeting the freguency spectra of wind- stiess
curl. hplications of the findings with regands to sualyzing observations aud data
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1. Introduction

Realistic numaerical shmulations of the occan are now commonplace, in which model
domain (i.c., topography and coast Iines) and forcings are made compatible with (but
notl necessarily equal to) reality. Such shlations sre nseful i dynanically interpeting,
observations, and in making, inforences of the himportant physical processes. More
recentlyy such models ave cinployed i synthesizing, data, b.c., dats assinidation. Data
ssshmlation ds an ancrging arcs of occanographic rescareh in which models are used
to interpolate and extrapolate observations (c.p., Ghil and Malanotte-Rizzoli, 1003).
Of particalay interest i asshnlation is satelhite althmetry measuranents. The focus on
altnnetric asshimlation stams from the fact that it is o Uime continuous plobal observing,
systam. Yel, some of the pecoliavities of @lthmetric imcasuranents have contiibuted to
the difficalty of its exploitation. These include its complex sampling paticrn according,
to satelhic orbital dynamies and the fact that 1 is o measurement of sea Jevel and
not cinculation per se, and which, i many large scale primitive equation modcls, s a
diapnostic quamtity.

This study s motivated 1 part by ‘vse of nmarical mmodcls i assimilat ing, satellite
olOmetry dataand examines the natum e of Tay pe-scale tempoy sl vanlability of the glohal
occan, withpa teular attention to sce lovel, Asshnilation is incssenee aninverse ynob
Jcm, and propoar charact erization of and insipht into occan physics can help facilitate
the esthmation process by aiding, 1 the desipn of an eflective assilationschor 11¢. We
mvestipate the question of w hat undalyinig e culation lavge scale sea level chanpes
rofiect. Based on a simple scisling wgument, 1t can be shown that sca level 1o first
approxnnation refleets en culation of the entire wat er colnimy and not s face ¢ enla
tion alone (Pedlosk v, 1987). For instance, Froranid Mclor (1 994) and Oschlies and
Willehr and (1996) have doanonstrat ed cffective assimilation of altimet ry data in the
Gulf Stoarcam region by assmning, that sca level variabilities reficet ¢ vonapes in subso-
fuce stratication, i particuls the movanent of the thermochine. n comnpanison, Gill
and Nitler (19 78) suggests that scasonal eyele of sca level at amd- to high: latitudes are
due pr hnarily to alocal balance between near surface sterie changes and smfa ce heat
fhux. Onthe othar han d, Chao and Fu (1890) found signifi cant correlation between sca
level and barotropic changes in circalation at high latitudes.

These past studies suggest sca level changes can be caused by different processes

depending, on latitude, regional dynamics (c.g., Gulf Sticam), and time and spatial
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scales. Most studies have examined the subject in Iinited geographic aveas or fre
queney bands, The present study attanpts a comprchensive re-examination of the
dynamics of Jarge scale sca level variabihity uniformly over the global domain based on
a muncrical simulation. Due to computational Innitations, the analysis is Ihnited to
scales larger than approximately 1000 kin, and thercefore the inost energetic variabilities
associated with mneso scale eddies are excluded from this investigation. A global coarse
yesolution primitive cquation model is employed for this purpose forced by daily winds
and dimatological heat fluxes.

Past comparisons of numerical shnolations with obscrvations have established a
zero order similarity of such models and the occan (e, Chao and Fu [100H), Stanmner
ctoal. [1996G]). Yet, these studics also clucidate model shortcomings, For instance,
the enargy level of nmearical models are still deficient especially at low frequencics.
Therefore, caution should be exercised yegarding yeliability of such model siimulations
m gencral. Nevartholess, it is interesting to examine properties of nunerical shplations,
as 1t provides nsight into salient phiysical processes of the occan, At the least, it is
nnportant to understand the chavacter of model physics i order to use them to analyze
(i.c., asshmilate) observations. '

Characteristics of the model’s temporal variability of sca level, velocity, and density
are exatnined based on spectyal analysis, and yesults ave compared with mcasurerments
from TOPEX/POSEIDON and tide pauges to establish some measure of significance.
hinplications of the findings with repards {o assimilating, altimetrie data will also he

discussed, and the adequacy of the satellite’s samphing, characteristics addressed.

2. Modecl

The model used i this study is the Modular Occean Model version 1.0 developed by
the Geophysical Fhud Dynarnices Laboratory of the National Oceanic and At mospheric
Administration (Pacanowski ¢t al,, 1{191). The model domain extends over the world
occan from 80°S to 80N with & wminform spatial resolution of 2¢ Jongitude and 17

latitude. There are 12 vertical levels (Teible 1), which are chosento coinade with the
mflection points of the clevently baroclinie mode of honzontal velocity corresponding,
to the mean temperature salinity profile of the global occan (1 evitus, 1982). ("THiese
depthsalso 1011]7,111)" conrespondiothose 11 SC (1 by Biyanetal. {1975].) The yelatively

coarse resolution was chosen so as to facilitate ¢ xperitnentation (simulation and, later,




asshinilation). 'The model has realistic topography and coust lines as shown in Figare 1.
ATl horizontal boundarics aye treated as himpernmeable with no slip houndary conditions.
Conventional Laplacian operators are used for horizontal and vertical nxing, with
constant cocflicients. An additional Jocal vertical mixing, is performed to remove any
statically nnstable profiles.

The model s first spun up for 8 years forced by climatological monthly winds
(Helerman and Rosenstein, 1983) and by relaxation of its swiface tamperatures and
salinitics to monthly Levitug” (1982) values. The mitial condition is at rest with @
temperature and salinity distribution of Levitus (1982). Following the 8 year spinup,
the model is foreed by daily surface winds and climatological monthly heat flux from
Jarary 1992 10 February 1996, The winds and Lhicat flux are based, respectively, on the
National Mcteorological Center’s 1000 anbar analysis using the formula of Wa (1982)
and on the Comprehensive Occan: Atmosphae Data Set (COADS) (Shatz et al., 1985;
Woodirufl et al.) 1987) comnpiled by da Silva et al. (1094).

The skill of such model in shnulating the occan has been demonstrated in the past.
For mstance, a similar model was recently used by Chao and Fu (1995) in comparing,
modal simulated sca level and mceasurements of TOPEX/POSEIDON. Differences be-
tween the present model and that of Chao and Tu (1995) include vertical yesolution,
vertical mixing formulation, and heat flux foremg, with the last being the most notable.
Namely, Chao and Fu (1995) used thine invariant shortwave and longwave radiation,
where in fact shortwave radiation has the largest anmal cycle (see Section 3.3). The
use of thmeinvariant shortwave radiation was one of the reasons for weak anmual sca

level variability in Chao and Fu (1995).

3. Resulls

To resolve all significant frequencies of the model, instantancous values of sca level, s
well as streamn function, were saved at 12-hour intervals for analysis. Other prognostic
variables (tamperature, salinity, baroclinic velocity) were saved at 24 hour intervals,
because, as analyzed below, they are dominated by lower frequencies. Under the rigid-
lid approximation, sca level is computed hydrostatically from the surface pressme,
of which the gradient is diagnosed from the equations of motion (Sce Appendix and

Pinardi ot al,; 1995). The gradient operator is inverted using a conjupate gradient




method and surface pressure is solved apart from an unknown global constant, whicl

16 sel to zero by assmiing that the global sca level of the model remains time- invariant.

3.1 Trends in the Model Solution

Apart from variabilitics duc to temporal changes in the forcing, the model simula-
tion exhibits a trend i several locations. Figure 2 compares the standard deviation of
wodal sea level with and without the trend as well as the trend itself. The trend is as
Tarpe as 10 cn/ycar (1) at several Jocations and is obviously unrealistic, This trend is
duc to the continued spin-up of the moddl, the change in wind stress from chmatology
to NMC analyses, and the inbalance between the preseribed heat flux and the model’s
mcan heat transport divergence. To disgnose these differences, the model was rerun
from January 1, 1992, with the same climatological wind forcing as the & year spin-up
phasc, but forced with the same COADS heat flux. The yesulting trend is also shown in
Figure 2-d. Differences between Figures ¢) and d) are due to the spin up by the winds
wherceas simlaritics are due to dflects of the preseribed heat flux. There ave different
regions where surface heat fiux or winds are the dominant forcing for the trend, but on
average both forcing, fields result in si;',nifi(tnnl trends in the model over the two year
siiulation period.

A larpe part of the trend due to spin-up by the winds will hecome negligible over
10s of ycars by wave propagation and fiictional dissipation, but that due to changes
1 mean heat fhoe will occur on a muceh longer advective-diflusive time-scale of order
100s of ycars. Worse yet, the prescribed heat flux induced trend will canse the swrface
waters to eventually boil or freeze in some regions due to the bubalance of heat flux
in the swface layas. A common rancdy to the diabatic trend is to alter the heat
flux by damping, swrface (or other) tanperatures and salinities towards realistic values
(c.p., Han, 1984). Yet the heat flux imbalance is partially due to arors in the model
formulation which such correction does not account; c.g., the model lacks resolution
to support the large poleward heat transports of western boundary currents, nor is
the mixed layer dynamics explicitly simulated in the present model. Thaerefore, rather
than atteammpling to correct these errors, we shall accept the fact that the model has
unrcalistic trends due to model deficiencies and will analyze the variability apart from
such trend. Such treatment is sensible to the extent of linear dynamices which is a
reasonable approximation for the scales of interest in the present study. The analysis

im the remainder of this study are based on detrended maodel results,




3.2 Frequency Spectra

The shape of the model sca levels fiequency spectrum is primarily a function of
latitude, and its zonal mcan is shown in Figure 3 in energy preserving form. The annual
harmonic dominates latitudes between 40°S and 60°N. I comparison higher latitudes
have comparatively more enerpy in higher frequencies than do lower latitudes. The
prominence of high frequency sea level fluctuations is also shown in Figure 4 as the
half-energy period of the intra-scasonal variability (periods shorter than 180 days).
There are vast arcas inmid- to high-latitudes, especially in the Atlantic Ocean, where
half the intra-scasonal sca level variability occurs at periods Jess than 20-days. Such
high frequency variations arc also evident 1 in situ mecasurements. Figare § compares
sca level frequency spectra of tide gauges and model at typical mid-ocean stations in
the tropics and high latitude. The shape and encergy level are comparable between
modcl and tide gauges. The half mtrascasonal energy period at the two stations are
87.4 and 9.9 days, respectively. (The corresponding half energy period of the total
cnergy 1s 466.0 and 21.3 days.) The tide gauge ot Kerguelen Island exhibits a large
amount of cnergy beyond b days, whereas the model energy decrcases. This is due
to the model’s coarse resolution that does not resolve high frequencies and is disussed
further in Scetion 3.5,

The validity of the model’s high frequency variability can also be inferred from a
comparison with altimetric data. For instance, Figure 6 compares the model siimulation
with TOPEX/POSEIDON data, and shows the amount of data variance explained by
the model. Comparisons between data and model are made every 12 hours, assuming
the data collected within 6-hours prior and after the model time step are contempora-
ncous and coincident with the model at that instant. The explained variance is positive
over most of the 1-year period, demonstrating, the model’s skill. Also shown by the
thick curve, is the difference of this 12-hourly comparison with another but performed
in 3-day mtervals assuming data within 1.5 days of the model thne step are coincidend.,
The fact that the 12-hourly skill is better than the 8- day comnparison demonstrates the
presence of fluctuations in the TOPEX /POSEIDON data that have time scales shorter
than three days, and also the skill of the model n resolving, them. Plate 1 shows the
gcopraphic distribution of this 12-hour minus §-day skill. Most of the improvemoent
occurs al high latitudes, consistent with the findings of the relative dominance of high

frequency variability at these locations (Figures 3 and 4).
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The presence of large-scale sca level variabilitios with periods shorter than 10- day
ampling characteristics of TOPEX/POSEIDON

and analysis of its obscrvations. Althougl the satellite’s individual measurcinents are

prompts some concern regarding the

mstantancous and made continnously in time, geographically, the repea ¢ iod is 10-
days.  And, even though the satcllite has a shorter three day subcycle, its Nyquist
frequency still falls shorter than the half intra- scasona cnergy period i many locations
(Figure 4). TOPEX/POSEIDON data are often mapped tc regular latitude-longitude
grids for analysis by space-tinmie averaging, ut such procedures can significantly filter
out or worse yet alias the fast large-scale variability.

The dynamic nature of these differences in spectral characteristics are inv stipated

further in the following, sections.

3.3 Dependence on ‘orcing,

The physical nature of the simulated sca level variability can be assessed oy ex-
amining its dependence on the forcing, field. The simulation was repeated vy forcing
the model with ¢i her time-varying ,Ew_m or heat flux alone, keeping, the other forcing,
constant m time. Figure 7 shows the geographic distribution of the 1ius sea level vard-
ability due to wind forcing and  cating, as well as the percentage of the latter variance
to that of the otal. Fffects of heating and cooling on sca level are largest at mid-
latitudes, especially near western boundary currents in the northern hemisphere, but
is smal in the tropics and the Southern Ocean (Figure 7a). These sterie changes arce
m general smaller than the wind-driven variability, but are comparable around 30°8
and dominating about 30°N (Figure 7c). Globally averaged, the effects of heating and
cooling, on sca level variability account for 27% of the simula ed variability.

Changes in steric sea level are primarily due to scasonal changes in shortwave
radiation. Figure 8 shows the rms ampli ude of different conmonents of COADS heat
flux. Variability in shortwave adiation is dominant over most area with latent heat flux
being prominent in the Kuroshio and Gulf Streamn regions. Changes in net heat flux are

Jargest in the western boundary currents of the 1orthern hemis here due to the sc asonal

ariability of air-sca exchange (Jatent and sensible heat flux) and smallest i the tropics.
hi other regions, the amplitudes of heat flux variability are fairly uniforin = Sca level
variability duc to changes in heat flux (Figure 7a) largely reflect -he amplitude of heat
flux change, including the 1orth-south asymmetay, exeept in the Southern Ocean The

sinall amplitude of the heat-flux driven sea level change in the Southern Occan, despite




its significant heat flux variability (Figure 8c), is primarily duc to the sialler thermnal
expansion cocflicient (Figure 9a). Amplitudes of sterie sea level change was estimated
directly from magnitudes of the heat flux (Figure 8¢) using the time-mean thermal
expausion cocflicient at the surface (Figure 9b). Apart from some detailed structure
due to advection and how heat is stored in depth, the gross shinilavities with the actual
simulation (Figure 7a) is apparent. (Specific heat is practically uniform over the globe.)

Figure 10 compares the globally averaged frequency spectra of the wind and heat-
flux driven sca level variability.  (The two do not add to the total sca level encrgy
because wind and heat flux variability arce corrclated.) Because monthly climatology
of COADS is used in forcing the model, the siimlated sca level fluctuations due to
heating/cooling, is limited to scasonal changes (annual harmonic). Globally averaged,
heat flux and wind-driven seca level variability are of comparable magnitude at the
annual period. (The anmual harmonice, on average, accounts for 13% of local sca level
variability.) Figure 10b shows the ratio of heat-flux driven sca level variability to the
sum of the two variance for the aumual cycle. Heat flux induced sea level changes
dominate the annual cycle north of 209N and between 20°S and 40°S in the southern

hamisphere, but is insignificant elsewherce.

3.4 Vertical Structurce

It is mstructive to examine the ver tics) structures of the teinporal changes so as
to further diagnose the dynamic nature of sca level variability. (See Appendix for how
tile.sc decompositions are performed ) Heat -flux driven variability is la gely due to
chan ges near the surface. Figure 11 shows variability in sterie sea level due to changes
in the top two levels of themodel. The near surface temperature and salinity clanges
(Figure 11 ) account for nearly all the heat flux induced sca level variability (Figure 7a).

Analysis of wind-driven variability is most revealing by separating barotropic con-
tributions from baroclinic changes. Although varia b - topography and nonlincarities
render the equations of motion nonsceparable, and thus cach mode dynamnically depen-
dent on another, dynamnic modes locally form a complete orthogonal basis function onto
which variables can be expanded. Figure 12 compares wind-driven sca level variability
duc to changes in barotropic and baroclinie circulation. There is a clear delineation in
space of which component dictates wind-driven seca level fluctuations (Figure 12¢). Sca
level variability is domninated at high latitudes by changes in the barotropic cireulation,

whereas it is due primarily to baroclinic changes in the tropics and along continental
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marginsintemperate latitudes. The latitudinal separation that delincates barotropic
and baroclinic dominance occurs between 20° 1o 30° from the Bquator.

This spatial difference of baroti opic and barochinic dominance of sca level variabil-
ity largely explains the latitudinal dependence of the shape of scalevel’s frequency spece-
trascen earlier (Figure 3, 4). Baroclinic variability is characterized by low-frequencies
with periods typically longer than 100 days whereas high frequ en ey cha nges dominate
barotropic fluctuations with periods even shorter than 10 days (Figure 12d). Support-
ing evidence for the existence of suchlarge-scal ¢, high frequency, barotropic fluctuations
can be found , for examyle, i bottomn pressure measura nents. For instance Hughes and
Sinithison (1996) show anexample of remarkable coh erence it bott om pressure over 350
kinintheSouth Atlantic.. Fubanks (1993) il ustrates an exaniple of coherent bottomn
pressure observations over 2000 kin in the north central P acific whi ch are correlated to
atmosphericforcing (Luther et ., J{){)0).

Diiflerences inlatitudinal structures of barotropic and baroclinic changes arise from
properties of wind forcing and that of occan dynamics. Figure 13 shows the total vari-
ance and frequ eney speetra of wind stress curl. Variabilities of wind stress curl ave
largest in high latitudes, and is ncarly white in frequeney sp cetra except near the
equator whereil is slightly morcred. The response of the occan to changes in exter-
nal forcing depend s to alarge ext ent on the p roperti es of the planctary waves that
can propagate cnergy away frointhe forcing arca. 111 particular, ] Rossby waves have a
maxit mun frequency when zonal wave length equals the Rossby radius times 2z, Por
baroclinic waves, the deformation radius is typically tens of kilomneters at mid-latitudes
which is much small er than what the present model resotves, which is about 2000 ki
(approximately ten times the zonal resolution) , Thus the model’s baroclinic response
has a maximumn frequency dictated by model resolution. The barotropic Rossby ra-
dius, 011 the other hand, is larger than this model limit al nost everywhiere. Figure 14
slows the i i nu n period of free planctary waves that the model can resolve, and
the corresporniding variance of wind stress curl with periods longer than this limit that
arc responsible for driving the resolved waves. Forcing of baroclinic Rossby waves are
limited primarily in t he tropies despite the large variability in winds at high latitudes.
Because of the wider frequency window available for barotropic planctary waves, the
spatial distribu tion of barotropic forcing is si nilar to the total forcing (Figure 138) and

is largest at high latitudes.




3.5 Wind-Driven Barotropic Changes

The pattern of wind-driven barotropic sea level variability (Figure 12a) is strongly
influenced by bottom topography (Figure 1). Figure 15 shows spectra of sca level and
wind stress curl at two locations where barotropic variability is large (Figure 12a).
Despite the spectra of wind-stress being, dominated by higher frequencies and being
indistinguishable from cach othier (Figure 15b), sca level spectra at the two locations
arc quite different; Sea level over the Mid Indian Ocean Ridge is predominantly fluc-
tuations with periods shorter than 10 days, while the Bellingshansen Abyssal Plain is
dominated by variability with periods longer than 30-days. Plate 2 compares barotropic
sca level variability with periods shorter and longer than 20 days, with contours of f/H
superimposed. The largest variabilitics ave bordered by large gradients of f/H. Vari-
ability in the Bellingshausen Abyssal Plain stands out as the outstanding feature at
lower frequencies, whereas enhanced higher frequency variabilitics oceur along the mnid
occan ridges of the Southern Ocean, in particular along their castern flank.

Coherence between barotropic sea level and wind stress curl is also shown in Plate
2 at two frequencies representative of the two frequency bands above. Sea level is co-
herent with the wind at 30-days in the Bellingshausen Abyssal Plain with a ncarly zero
phase lag  (not shown). In comparison, coherence between the two is only marginally
significant alonig the occan ridges at 1 ()- days where the sca level variability is large.
The regions oOf significant coherence are in rough agrecment with those where the intra-
scason1al, large- scale sca level variabilit y cari be explained to some extent by the lincar
barotropic vorticity dynamics (Fuand 1)avidson, 199[)).

Leipold (1 983) examined dynamics Of a resonant barotropic respronse in regions
of closed j/ Hcomtours, suggest ing a balance between vorticity input by winid- stress
andchangesin relative vorticity wit]] afcedback by the 1haroclinic bottom torque.
However, predicted periods of such oscillations are in the ranige ‘of 50 days to several
years, and IS nuch longer than the present variability,  In addition Leipold (1983)
predicts a 900 phase lag between sea level and wind stress curl. Instead, our model’s
barotropic response in the Bellingshausen Abyssal Plain may be enhanced by resonant
Rossby wave basin modes. For a siinple rectangular basin with cast-west and north-
south dimensions of I; and Ly, respectively, frequency of such resonance is given by
(Willebrand et d., 1 980),
ﬂ[(mn)y | N% |2 f?']-]/g

w: .? _]/]7 }/2 >‘ ;/]]
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myn: 1,2

Approximating the Bellingshausen Abyssal Plain by a rectangular basin with charac-
teristic dimensions of 1y = Jp = 2000 ki, the minimum period of such resonance
occurs at 28 days, comparable with the enhancenent seen in Figure 15, Other abyssal
plains, such as the Wilkes (=2 110°E, 60°S), Argentine (= 45°W, 40°S), and Weddell
Abyssal Plains (7 30°W, 65°S) arc also dominated by lower frequencies suggestive of
such basin modes (Figure 4), but their energy content is small (Figure 12), possibly
due to dissipative effects owing to the geometry (they are smaller in size and not as
isolated as the Bellingshausen Abyssal Plain).

The enhanced high-frequency variability along the axis of the Southern Qccan
ridges occur in regions of semi-open f/h contours, and are likely a resull of western
intensification of interior fluctuations rectified by bottomn topography (Pedlosky, 1987).
The shape of their spectra are shmilar to the interior occan (Figures 3 and 15a). Its
spectral level deercases beyond & days owing to the resolution of the model (Figure
1ba) as deseribed in Scetion 3.4.

Evidence for such resonance was sought in the TOPEX/POSEIDON data by com-
paring it with model results in the two high variability regions (Plate 3). In the Belling-
shausen Abyssal Plain, there is a slight enhancement of energy near 30-days which
appears coherent with the model, but the anplitude of T/P data is much simaller than
the model simulation. In comparison, T/’ data along the Mid Indian Ocean Ridge
is comparable to the model simmulation with shinilar spectral characteristics. Both re-
gions overlap the high eddy variability arca associated with the Antarctic Circumpolar
Current, and therefore large-scale high frequency changes are difficult t6 discern from
contributions of meso-scale eddics. Nevertheless, the comparisons suggest that plane-
tary basin modes in the Bellingshausen Abyssal Plain may not be excited as strougly
in the real occan as i the model. This may be due to the limited resolution of the
model. Namely, the model’s vertical resolution at depth is as large as 1000 i (Table
1), whereas the actual height of mid occan ridges changes more gradually and therefore
doces not form as strong a boundary in f/H as in the present model. A model simula-
tion with 20 vertical levels indeed shows sca level coherent with TOPEX /POSEIDON

observations with more comparable magnitudes (Fu and Sinith, 199G).
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3.6 Wind-1)riven Baroclinic Changes

Spectral analysis shows that the model’s wind- driven baroclinic sca leve] variability
is dominated by the anmual harmonic at most locations. Figure 1 6a shows the rins of
sca level at the anmual period, which is hardly distinguishable {from Figure 12b. Wind-
driven baroclinic sca level changes are generally largest between 16 and 20° of]” the
Equator rather than within the equatorial wave guide. This suggests processes other
than cquatorial waves as the primary mechanisim underlying these changes. In contrast
the total variance of baroclinic sca level with ] seriods between 10 and 100 days (Figure
1 6h) is maximum along the Bquator clucidating the prominence of Fquatorial waves
at higher frequen cies.

Plate 4 shows coherence and phase between wind-driven baroclinic sca level and
wind stress curl at the annual period inregions where the former is large (Figure 1 6).
Generally speaking, places of largest variance have significant coherence between sea
level and local wind stress cur], such as along ~ 18°N in the Pacific and ~18°S in the
Indian Occan. In these regions, sca level leads (lags) wind stress curl by 90° inthe
north ern (southern) hemisphere suggest ive of wind- driven planctary wave dynamics.

Regions where coherence with wind stress curl iS not significant suggests dynamies
other than local wind stress el to be important, such as propagating waves frorn
remote locations. Plate d shows coherence at the anmual period between Lame.lillic.
sca level at 94° W 9° S (asterisk) > whiere coherence betwea 1 sea level and wind stress
curl is low (1'late 4A), and sca level at other locations. A characteristic arc of high
coherence is found near 94 °W 9°S and along the castern boundary of the North and
Sout h Pa cifi ¢ and along thic Equator between 140°W and1009W. The phaseleads that
at 94°W 9°s along the Equator and along the castern boundary away from the Equator,
suggestive of Equatorial waves (Kelviu) impiuging on aud reflecting from the caster n
boundary. 1 jarge coherence is aso found in other locations, but their significance maybe
questionable given the relatively short duration of the simulation. Interestingly, regions
of high coherence in Plate b generally coincide with places of low coherence with the
local wind stress curl (1'late 4).

Further insight into the dynamics of wind-driven baroclinic sea level changes can
be attained by decomnposing the model state into different baroclinic modes. The
dependence of sca level (su iface pressure) on baroclinic anomalies is primarily duc to

cflcets of density changes through the hydrostatic relation. Baroclinic velocity in tumn
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is rclated to sca level through geostrophy, but only weakly as an independent prognostic
variable (Appendix), and therefore its effects are not examined below.

Amplitudes of vertical displaccient were estimated from changes of density in the
purcly wind-driven shimulation (section 3.2), w hich were then expanded into different
dynainicmodes. Since density changes near the sitrficc arvestrongly influenced by hor-
izo1 1tal advection and diabatic cffects, near- surface displacements were estimnated by
lincar extrapolation from values below. T 'he base of this extrapolation was e stimated
to be the near surface depths where amplitudes of the horizontal velocity’s first baro-
clini ¢ modes are nearly constant (within 90% of its surface value). These levels were
generally the second 017t hird model levels and roughly conrrespond to typical depths
over which convective adjustinents frequently occurred (mixed layer). Sea level due to
different baroclinic mnodes were i turn estimated from the nnplied density changes of
the sep arate modces.

Figure 17 compares sca lewd variability clue tothe first andsecond baroclinic
modes. The first baroclinic mode dominates the baroclinic contribution to sca level
fluctuations; it accounts formuch of the zonalstructureinthe IndianOcean(~ ‘20" s)
and the North Pacific (~ 15 °N), as well as the highs i the western Bquatorial Pa-
cific and Atlantic Occans. The sccond mode s comparable or larger than the first
in the castern tropical Atlantic and FEquatorial Indian Ocecans (Figure 17¢), but their
magnitudes are rclatively small (Figure 17h).

The relative dominance of the sccond mode to the first in the equatorial Atlantic
and Indian Occans 1s consistent with observations.  The nature of this difference 1S
partly due to the relative magnitude of forcing of the separate dynamic modes as a
result of geographic differerices in stratification. Wind foreing is applied to the model
as a body force at the top most level and zero clsewhere. Figure 18 compares the
relative inagnitude of forcing for the two barocli nic inodes by expanding such forcing
profile into different modes. Both modes arve most efficiently forced in the tropics, which
is another reason for the dominance of baroclinic changes in low latitudes (Figure 12)
in addition to the relative encrgy content in the Rossby wave band (Figure 14). The
ratio of the two shows that the sccond mode s more efliciently foreed in the eastern
tropical Atlantic and Equatorial Indian Occans, consistent with the findings of their

relative stren gihs.




3.7 Energelics

The preceding sections analyzed variabilities of the simulated circulation in terms
of sca level, focusing on the direct physical relationship between sea level and indepen-
dent model variables. However, thicre are aspects of the circulation that this relation-
ship is only weakly dependent on or independent of, suclias baroclinie velocity changes
(Appendix). Thercfore, for completeness, we shall briefly examine aspeets of the inodel
circulation itself i terms of its energetics.

I"late 6 compares the model’s depth integrated available potential eniergy (A1°E)
duce to wind forcing in different dynamic modes. The pattern of total APY is similar
to that of the baroclinic sea level changes (Figure 12b) but the relative magnitude
of the sccond mode to the first is more significant than that in the case of sea level
(Figure 17b). This is because the second baroclinie mode displacenents have opposite
signs in the upper and lower water columnn, which makes their contribution to sea lewd
relatively small in comparison to the mode’s cnergy content. Energy-wise, the first and
sccond mod es are as nearly significant as cach other in the tropics, but clsewhere the
first mode, albeit small i magnitude comnpared to the tropics, dominates the AP,

The modal decomposition of model kinetic encrgy (KE) is shown in I’'late 7. Ki-
netic energy is dominated by the baroclinie circulation in the equatorial region, with
increasingly less cuergy in higher baroclinic modes and away from the Bquator, Al-
though sca lewd changes due to the barotropic mode at mid- and high-latitudes were
comparable to baroclinic sca lend changes in the tropics (Figure 1 2), the actual KK
content of the foriner is relatively snial 1 compared to thiose of the baroclini ¢ Equatorial
fluetuatiolls. This is in part clue to the latitudinal dependence of the Coriolis parame-
ter. Ye%, as for scalevel, local KE is dominated by barotropic circulation at latitudes
beyond 20° of the Equator (Willebrand et al., 1980), whereas baroclinic changes are

dominant within the tropics.

4. Summary and Conclusion

Characteristics of large-scale sea level variability fromn periods of days to a year were
anialyzed over the global occan based on nut nerical sitnulations and comparing aspects
of it with TOPEX/POSEI DON and tide gauge measurcments. Salient geographic vari-
ability of o ¢ can dynamics underlyi ng sca level fluctuations is revealed by decomposing

miodel results into different causal eflfects and spectral (frequency and dynamic) modes.
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At IJlicl-latitudes, large-scale scalevel variability is primarily duc to steric changes
associated with the scasonal heating and cooling cycle. These chauges are confined to
the surface layers of the model and dominate the annual cycle. In comparison , changes
in the tropics and high latitudes are mainly wind-driven. This is due to the weak
scasonal chaniges of tropical h eat flux and to the small thermal expansion cocflicients
at high latitudes.

The nature of wind-driven variability itsclf exhibits a strong latitudinal depen-
dence. Wind-driven changes are largely baroclinic in the tropics but barotropic at
higher latitudes. These reflect the latitudinal dependence of the Coriolis parameter
and the relative energy content of wind stress cur] in tile respective planctary wave
frequency and wave number bands, Further analysis shows that baroclinic changes are
dominated by the annual harmonic of the first baroclinic mode and is largest ofl the
Fquator. Variabilities associated with cquatorial waves are inuch sinaller than these
ofl-cquatorial scasonal barocl inic adjustments,

Wind driven barotropic changes exhibit a notable enhancemnent over several abyssal
plains in the Southern Occan. These regions, the Bellingshausen Abyssal Plain in par-
ticular, arc semi-encl osed with (list.c)lltilllliticsill potential vorticity that allow resonant
planctary wave modes to exist.  Otherwise, barotropic sca level changes are typically
dominated by high frequen cies with as inuch as half the total varialctill periods shorter
than 2(I days, reflecting the general frequency spectra of wind-stress curl.

The model’s frequency spectra were shown to be qualitatively similar to altimetric
and tide gauge measurcanents. Fstablishing reliability of other aspects of the model is
not trivial as observations with comparable sampling are not readily available. Wuun-
sch (1996) has recently examnined the issue of vertical inodal decomposition of oceanic
variability based on historical moored current meter data. To the extent motions are in
geostrophic balance, surface velocities are equivalent to the slope of sca level and there-
fore the two studies arc comparable. Although results at high latitudes are consistent
between the two, a quantitative stateinent is difficult to make. Diflerences between
current meter data and the present model siiulation can be due to contributions from
m ¢ soscale eddies to the former but which are absent fror n the present study. Further
systematic testing of the imnodel is required to establish the quantitative reliability of
the present results. At the same tiquantifying cffects of nissing 1110del physics is

cssential in performing such comparisons.




Thepresent study suggests geographic variations in the nature of sca level variabil-
ity of the global occan, which in turn indicate difficulty in directly inferring circulation
from sca level measurements alone. There is no uniformly appli cable pointwise cor re-
sponderice between sca level and instantancous circulation at depth. Although some
relation with latitude exists, it is strongly modulated by the cflects of coastal geomn-
ctry, bottom topography, and stratification that result in st1 ong inhomogencities and
anisotropy.

What has been analyzed here is the instantancous direct forward physical mla-
tionship between independent prognostic model variables and sea level, H owever, other
physics can be bornupontheproblem of inferring circulation from sca level in casure-
ments.  For instance, temporal evolution of sca level contain additional information
rega rding the underlying three-dimensional circulation, which has not been addressed
hiere. This IS aproblein of observability, and such inference is one of the subjects and
purposes Of assimilation. The present analysis points to a minimum set of dynamics
necessary to resolve the dominant variability of sca level and thus to invert it,; These
are near surface sterie effects and adiabatic first barochnic and barotropic changes in
circulation.

Finally, the presence of high frequency barotropic sca level variability at high
latitudes poses a potential samnpling problem in analyzing satellite altimmetry data. The
Nyquist frequency of TOPEX/POSEIDON is 20- days which is larger than the central
period of scalevel variability iniany regions of the Southern Ocecan. Altimetric data
arc frequently mapped onto regular grids for analysis by interpolating along- track data
in space and time which could potentially alias the energetic high frequency variability.
The present study suggests that analysis and thercfore assimilation is best performed
using along-track rather than statistically imappeddatatoavoidsuchproblems. Such

cflort is presently underway a1 1d will be reported elsewhere.
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Appendix: Decomposition of Sca Level

Under the rigid-1id app roximation, model sca level is evaluated from surface pressure
agaiust the rigid-1id using the hydrostatic relationship. Sca surface pressure inturn is
computed diagnostically from the model prognostic equations.

In thme-stepping the model, sca surface pressure (p(0)) is typically eliminated
from the prognostic integration by solving the depth dependent (baroclinic) and the
depth averaged (barotropic) part separately. The depth dependent pressure anomaly
(#'(2) = p(z) - [p(z)dz/H) is solved by the hydrostatic relationship. The gradient
of the depth averaged pressure anomaly ([ p(z)dz/H=p(0) - p'(0),1.c.,sca sill.faCc!
pressurc minus the surface value of the depth dependent pressure anomaly) is eliminated
from the calculation by taking the curl of the depth averaged momentum equation,
which flow ishorizontally nondivergent. However, orice all prognost i ¢ vari ables are
time-stepped, the surface pressure gradient cati be evaluated since all other terms of
the equations of motion, in particula r the surface momentuin cquation, are known
including the titne-der ivatives. Surface pressure is computed by inverting the gradient
operator up to an unknown constant, which fromn volui e conservation is typically set
to zero; viz., atomaly from global 1ican.

1'he model sea level () can therefore be thought O f  as a function of the three-
dimecusional inodel proguostic state (teiperature 7' salinity ' S; zonal velocity U; merid-
ional velocity V);

n:S(1, S, U,V) (J)

where function S denotes the sealevel talc.ulaticn] described above. Namely, S stands
for integrating the model for onc thne-step, diagnosing surface pressure gradient, in-
vert ing the gradient operator, and converting pressure to sca lewd.

Scalevel ducto various aspects Of the model canbe evaluatedusing this diagnostic
algorithin. For example, sea level anomaly due to changes in barotropic circulation can

be compruted by,

S, S, U4 U, Vi 4 V) = ST, 5,U,V) (2)




where the overbar denotes time-mean and subscript b den otes barotropic anomalies.
Other anomalies can be computed likewise. Note however that because the governing
equations arc noulincar, the sum of differat anomalies about the referen ce mean do
not strictly cqual the original sca level. However, for the anomalies in the examples
discussed herce, the relation IS nearly lincar.,

Finally, as an independent progunostic variable, baroclinie velocity has little con-
tribution to sca level anomaly. Baroclinie velocity directly aflects sca level calculation
through the barotropic cquation. Although baroclinic velocity has zero vertical incan
15y definition, the verti cal mcan of its square (adveet ion term) is 110t necessarily zero.
1 lowever, in practice such contribution is small. This of course does not mean that
there IS no correlation between sca level and baroclinic velocity; because of the domi-
nant geostrophic balance that exists, baroclinic velocity 1S correlated to density changes

which in turn determines baroclinic pressure.
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‘Jables

Table 1: Depth of levels (2) and layer thicknesses (6z) used in the model. Units are in

imnecters.

Plates

Plate 1. Geographic pattern of relative skill of the modcl siimulation in simulating
TOPEX/POSEIDON mecasurements. The values compare the skill of the model
ficld at 12-hour and 3-day intervals. Positive values indicate larger skill (cin?) with

the 12-hourly comnparison.
) 1

Plate 2: Barotropie sca level variability (cn) at periods longer (A) and shorter (B) than
2.() clays, respectively. The contours are of f/H (contour interval 107 (1ns)” ). Also
shown in (C) and (D) are coherence between barotropic sca level and local wind
stress curl at periods of 30-days and lo-days, respectively. Coherence larger than

0.3 is significant at the 95% confidence level.
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Plate 3: Comparison of model and TOPEX/POSEIDON mecasurcients in the bigh
variability regions of wind-driven barvotropic sea Jevel changes of Figure 12 and Plate
2. Average sea level (cn) around poiuts “B” and “W?” in Figure 12 are shown in (A)
and (B) for a 200 day period, corresponding to regions with rms sca level greater
than 6 and 4.8 can in plates 2A and 2B, respectively. Model (blue) output is shown
at 24 hour intervals, whercas TOPEX/POSEIDON data (red) are average values
at 3-day intervals based on along-track data. Corresponding frequency spectra are

shown in (C) and ().

Plate 4: Coherence (A) and phase (B) between wind-driven baroclinic sca level vari-
ability and wind stress curl at the annual period 1 regions where sea level standard
deviation is larger than 1.5 e (Figare 16). Coherence larger than 0.67 (yellow) is
significant at the 95% confidence level, Positive phase indicates sea level leading

wind stress curl.

Plate b: Coherence (A) and phase (B) between wind- driven baroclinic sca level changes
at 94 °W 9°S (asterisk) and the same at other locations. Coherence larger than 0.67

11
(yvellow) is significant at the 95% confidence level, Positive phase indicates sca level

atl the asterisk leading,.

Plate 6: Depth-integrated wil]d-drive]) available potential energy (3/1mn?); (A) total,
(B) first baroclinic inode, (C) sceond barochnicmode, (1)) % of total duc to first
baroclinic mode.

Plate 7: Depth-integrat ed wind- driven kinetic encrgy (J/in?); (a) barotropic, (13) first

Lame.lillic. mode, (C)sccond baroclhinicmode, (D)% of total due to barotropic mode.

Figures

Figure 1: Mode] coasthines (thick) and bottom topography (thin). Contour interval for

topography is 1000 1.

Figure 2: Model sca level variability; (a) root-mcan-square sca level over the two
year simulation; (b) Same as (a) but @ lincar trend shown in ¢) has been removed;
(d) Lincar trend for samne model shinulation: as (¢) but forced with Hellerman and

Rosenstein winds. Contour intervals ave 2 cin (a, b) and b cin/ycar (¢., d). Shaded
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regions indicate absolute values larger than4cem (a, b) and ban/ycar (c, d).

Negative values are contoured by dashed curves in¢) and d).

Figure 3: Shape of mean frequency spectr a of sca level in variance preserving form as a
function of latitude. Mecans arc computed by averaging spectra zonally normalized
by total energy at cach location; therefore the figure snows theaverage shape of the
speets a. Contour interval is 107 4 with values la rger than 2 x 1 () *shaded. Units

arcarbit rary.

Figure 4: The figure shows the period above and below which half the intra-scasonal
(period shorter than 180 days) sca level fluctuations oceur. Contour interval is 10-
days (saturated at 100-days). Regions with half encrgy period shorter than 20-days

arce shaded.

Figure b: Frequency spectra (variance preserving) of tide. gauge records (thick) com-
pared with the model equivalent (thin); (A) Diego Gareia (72.4°Y, 7,3°S), (B) Ker-
guclenIsland (70.2°1<1, 49.4° S), Spectra are computed from daily tide-~;augc records
with atinospheric pressure correction assuming thie inverse barometer. Th ¢ peak in

the tide gauge record at (A) near 0.07 epd is the fortnightly tide.

Figure 6: Model’s skill in simulating TOPEX /POSEIDON mcasurcinents. The thin
curve shows the amount of data variance (cin?) explained by the model as a function
of time. Also shown (thick curve) is theiclative skill of this 12-hourly comparison

over a three- day comparison.

Figure 7: Scalevel variability (cin) as a function of {forcing. The three figures correspond
1o sca level change due to heating and cooling (o) and wind stress (b), and the ratio
(percentage) of the former variance to that of the total (¢). Contour intervals are
1 e, 2 can,and 20%, respectively.  Shaded regions denote areas with sca level
standard deviation larger than 4 cn (a and b) and 50% (c.). Thic total sca level
variability is showninFigure 2h.

Figure 8: Standard deviation of COADS heat flux (W/mn?). Contour intervals are ()
(W/in?) for short wave (@) and latent heat fluxes (b), 5 (W /mn?) for long wave and
sensible heat fluxes, and 20 (W/mn?) for the net heat flux. Shaded regions denote
arcalarger than 50 (W/1112).
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Figure 9: Thermal expansion cocflicient at the surface (107 em®/°C) (a) anid niag-
nitude of steric sca level change estiiated from net heat flux variability (cin) (1)),
Contour intervals are 0.5 x 107 cm®/¢ (a) and Tcn (1), respectively. Shaded arca

11 (b) correspond to regions larger than 4 cn as in Figure 7.
£, e

Figure 1 (): Comparison of the cffects of heating/cooling and wind on sca level change;
(A) Avcrage shape of global frequency spectra normalized by total sca level variance
incnergy preserving for 111. (] 3) Percentage Of heating and cooling effects onsealevel
al the annual period. Contour interval in (B) is 20% with regions larger t han 50%

shaded in gray.

Figure 11: Sca level change due to density change of the top two levels of the model

when forced by timme-mean winds and climatological monthly heat flux.

Figure 1 2: Wind driven sealevel change as a function of dynamic mode; (A) barotropic
mode, (3)barodinicmode, (C) pereentage of (13) to total wind driven variability.
Average frequency spectra of the two components arc shown in (1)) in variance
p reserving form normalized by the total variatice. Contour intervals are 2 cin (A,
B) and 26% (C). Shaded regions denote values larger thanden (A, B) (as in Figure
7) a11d 50% (C). Asterisks denoted “W” and “B” in (A) arc in the local maximuin

of sca level variability and are further examined in Section 3.5.

Figurce 13: Variance (A) andfrequency spectra of wind stress curl. Contour interval is
, 1 A
2x10° 1 (A) with regions larger th an 2 x 107+ shaded in gray. The frequency
speetra 1S i energy preserving formn and corresponds to averages between 60°5~40°5

(thin) and 0°~20°N (thick).

Figure 14: Characteristics of planctary waves resolved by the model; Minimmam period
(class) that canbe resolved for first baroclinic (A) and barotropic (B) R ossby waves.
Total variance of wind stress curl withinthe period of (A) and (B) are shown in
(C) and (D), respectively. Contour intervals are 100 days, 2 days, 3 x 107 %, 10~ |
respectively. Shaded regions are larger than 365 days, 3 days, 2 x 1 ()- '*, and 1 ()- ']

respectively.

Figurc 15: Spectra of sca level (A) and wind stress curl (13) at two locations shown

as asterisks denoted “B” and “W?” in Figure 12a. The two points are at (100°W,
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60°S) (thick) and (108°F, 53° S) (thin),inthe Belliugshausen Abyssal Plain and on

the mid Indian Occan Ridge, respectively.

Figure 16: Variability (an) of wind driven baroclinic scalevel fluctuations: (A) annual
period; (B)10to 1 00 day period. C ontour intervals ave *2 and 0.5 cin with regions

larger than 4 and 1cn shaded i gray, respectively.

Figure 1 “ 171 Seca level variability (cn) due to wind driven first (A) and sccond (B)
baroclinic modes. Also shown in (C) is the ratio of (A) to (1B). Contour intervals
arc 2 e (A), 1 an(B),and 0.5 (C). Regions larger than 4 can are shaded in (A)
and (B) as in Figure 12, and 0.75 {for (C).

Figure 18: Relative magnitude of wind forcing for the first (A) and sccond (B) baroclinic
modes in arbitt ary units. The ratio of (B)to (A) is shown in (C). Contour intervals
are 0.5 (A and B) and 0.25 (C), with regions larger than 3.0 (A and BB) and 1.0 (C)

shaded 1n gray.
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